Recently promulgated regulations of the US Environmental Protection Agency (EPA) aggressively limit CO 2 emissions from the US power industry. Carbon capture and increased utilization of renewable energy sources are viable approaches to reduce CO 2 emissions from the power industry. Cryogenic carbon capture considered in this study is a post-combustion CO 2 removal system that separates CO 2 from the flue gas by desublimation. In this investigation, a hybrid system of cryogenic carbon capture and a baseline fossil-fueled power generation unit are optimized with a framework to mathematically represent this hybrid system. Optimization of this hybrid system results in meeting the electricity demand through a combination of coal, gas, and wind power sources with a priority given to wind power for utilization.
Mass flow rate of the natural gas coming from the natural gas compressor
NG C onv,max
Maximum mass flow rate of the combusted natural gas
NG C onv
Mass flow rate of the natural gas combustion in the gas turbine
NG E X P T
Mass flow rate of the natural gas exported to the pipeline
NG Onephase
Mass flow rate of the natural gas coming from the LNG/mixed refrigerant recuperator
NG P L,SP
Set point of the natural gas imported from the pipeline
NG P L
Mass flow rate of the natural gas imported from the pipeline
NG Tot
Total mass flow rate of the natural gas for liquefaction
NG T wophase
Mass flow rate of the two phase natural gas coming from the CCC plant
Power generated from the coal-generated flue gas P E Energy price
P E x
Excess power production P GT Power production in the gas turbine P N Natural gas price
P NGCC
Power generated from the natural gas flue gas 
EGS

Enhanced geothermal system
E P A Environmental Protection Agency
H HV Higher heating value
I E A International Energy Agency
IGCC
Integrated Gasification Combined Cycle
LCOE
Levelized Cost of Electricity
LNG
Liquefied natural gas
NG
Natural gas
NGCC
Natural gas combined cycle
OC R Organic Rankine cycle
PC
Pulverized Coal
S APG Solar Aided Power Generation
Introduction
The power sector is one of the main sources of CO 2 emission. The International Energy Agency (IEA) estimated 42% of the 2012 global CO 2 emissions are derived from power and heat production [1] . There is nearly universal agreement among 4 climatologists that anthropomorphic CO 2 and other greenhouse gases are the main 5 causes of global warming [2] . As a result, more restrictive regulations for CO 2 emissions have been enforced or are under consideration [3, 4, 5] . These declines, however, stem from low-cost natural gas competition and not from CO 2 emissions controls. Low-cost natural gas is a recent development in the US but is not a global shift in the energy landscape. Globally, coal is by far the most rapidly 20 growing source of primary energy [2] . The trend of the global coal trade is mainly driven by countries in Asia, specifically China and India. For instance, these two countries accounted for 98% of the increase in world coal trade from 2008 to 2013.
The increase in the imported coal in China and India is primarily due to an increase in the electricity generation and steel manufacturing [6] . In the US, coal is projected 25 to play a major role in power generation by EPA projections, and shows every sign of continuing a rapidly increasing role in power globally. Global CO 2 emissions must decrease by 60-80% to limit global climate change to a 2 • C increase [7] . This is about twice as much as the total CO 2 emissions from all forms of power generation. Therefore, global climate change critically depends on finding ways to reduce 30 CO 2 emissions from fossil power plants generally and from coal specifically. In this sense, fossil-and specifically coal-based emissions reduction represents one of the most important elements of climate change mitigation. No national or global climate change policy can likely succeed without addressing this issue.
Carbon capture and storage (CCS) is a viable approach to achieve the target CO 2 35 5 emission level. The literature for CO 2 removal mainly considers three typical CCS technologies: post combustion, pre-combustion, and oxyfuel [2] . The common processes considered in post-combustion technologies are based on using chemical and physical absorption [8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19] or membranes [20, 21] . Pre-combustion technologies are mostly considered in integrated gasifica-
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tion combined cycle (IGCC) power plants, and they are based on removing CO 2 from the fossil fuels before combustion [22, 23] . In oxyfuel technologies, pure oxygen is used to combust the fuel [24, 25] . Cryogenic technologies have also been considered for carbon dioxide removal, and they have several forms such as an inertial carbon extraction system, a thermal swing process, and cryogenic carbon capture with an 45 external cooling loop (CCCECL) [26, 27] . In this investigation, the latter category of cryogenic capture process is considered for removing CO 2 from the flue gas of power plants.
The CCC process is a novel technology for carbon dioxide removal from the flue gas of power generation units [28] . The CCC process cools flue gas from power gen-50 eration units to the point that CO 2 desublimates. The process then separates solid CO 2 from the remaining gas and melts it. Both the remaining flue gas and pressurized solid CO 2 warm back to higher temperatures. Fast response to fluctuations in electricity demand and renewable energy sources, lower energy consumption and cost, and energy storage are the main advantages of the CCC process. Integration
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of the CCC capture process with a coal-fired steam boiler that is able to follow the load is considered in [29, 30, 31] . However, many coal-fired generation units operate in a baseline mode and the power output from those generation units is approximately constant over most of the operational lifetime. This investigation considers the integration of a baseline coal-fired steam boiler with a cryogenic capture pro-60 cess. Considering energy storage, the hybrid system is also able to follow the peak demand with a gas turbine without necessarily cycling the coal-fired steam boiler.
This is a distinguishing feature of this work from the previous investigation [29] . In addition, the model developed for this hybrid system is applicable to both baseline and load-following generation units. Minor adjustments to the model make boiler output constant or load-following. A comparison is also made between power pro-6 duction in simple (scenario 2) and combined (scenario 1) cycles. The simple cycle is a typical peaking unit that is integrated with a baseline steam turbine and the CO 2 emission from both units is mitigated by a cryogenic capture process without energy storage. The results from this comparison highlights the significance of energy 70 storage capability of the CCC process. Finally, the costs associated with cycling a power generation unit are studied, and the impact of the energy storage capability of the CCC process on the cycling costs is quantified. Cycling costs analysis is considered with both presence and absence of the wind power in partially meeting the electricity demand.
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This paper is divided into five sections. First, the CCC process is briefly reviewed.
Then, the modeling and optimization frameworks to represent the hybrid system are developed. Next, the optimization results obtained for an integrated system of a baseline power generation unit and the CCC process are presented. A comparison between power production in the gas turbine through a simple or combined 80 cycle is also made. Finally, the impact of energy storage of cryogenic carbon capture on leveling the power output from a steam turbine and the associated savings are discussed. It is observed that with the energy storage, a saving of 82% (with wind power) and 85% (without wind power) in the cycling costs associated with the loadfollowing of a steam turbine are obtained.
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CCC Capture Process
As mentioned, the CCC process separates CO 2 from the power plant flue gas by a desublimation process. Two refrigeration cycles are used to provide the cooling medium for the desublimation process (see Figure 1 ). The internal refrigeration cycle is operated by a typical refrigerant such as CF 4 . Several selections could be made
90
for the refrigerant of the external loop. One selection, liquefied natural gas (LNG), adds significant value and flexibility to the hybrid system. Selection of LNG for the external cooling loop permits the hybrid system to take natural gas from a pipeline and produce LNG in a liquefaction facility. However, the liquefaction process is a very energy intensive process which is of special concern when electricity demand is high. An insulated tank can time-shift LNG production to off-peak hours. When electricity demand is low, the CCC process produces excess LNG and stores the excess in the insulated tank. Similarly, renewable power sources, even when intermittently available, provide electricity for the liquefaction process. In both cases, lowcost electricity is used to generate carbon capture refrigerant in the form of LNG.
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During peak hours, the CCC process uses stored LNG for the capture process and delivers the decreased parasitic load to the grid. Removal of heat from the flue gas causes the LNG to become a two phase natural gas stream (stream 9 in Figure 1 ).
This two phase stream completely vaporizes and reaches a higher temperature with further heat gain in the LNG/mixed refrigerant (MR) recuperator. The outlet natu-105 ral gas from the LNG/MR recuperator (stream 10 in Figure 1 ) can be partially combusted in a gas turbine. This adds load-following capability to a coal-fired power generation unit equipped with the CCC capture process without necessarily needing to cycle the coal-fired steam boiler. The remaining natural gas from the LNG/MR recuperator (stream 13 in Figure 1 ) can also be recirculated to the LNG production 110 facilities or be exported to pipeline (stream 1 in Figure 1 ) to avoid processing it when electricity is expensive. At each time either the storage or a recovery mode is in operation and decision about the operating mode is based on the economical evaluation of the hybrid system. The CCC process and the associated refrigeration cycles are investigated in [26, 32] . Integration of the CCC process with a load-following gener-115 ation unit is also discussed in [29, 30, 31] . Different designs for the LNG production facilities are presented in [33, 34, 35] and are applicable to a hybrid system of CCC and power generation units.
Model Framework
Hybrid System Model
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In this section the model developed for the hybrid system of the power generation unit and the CCC capture process is presented. First, relationships for power generation from each source are developed and are all presented in units of MW . This is followed by relationships for fuel consumption and flue gas production from Figure 1 : Schematic configuration of the hybrid system of a power generation unit and CCC, [29] each fuel supply. Next, equations are developed for the calculation of electricity de- steam generated in the boiler. Steam is generated from the heat content of the flue gas produced from coal combustion. Exiting flue gas from a gas turbine can also be introduced to the boiler to produce more steam and achieve the efficiency of a combined cycle. Thus, total power output from the steam turbine (P ST ) is the summation of equivalent power from exchanging heat by the flue gas generated from 155 coal and natural gas combustion (Eq. (2)).
P C T and P NGCC are the power generated from the coal and natural gas flue gases, respectively. As presented by Eqs. (4) and (5), P NGCC is dependent on the rate of natural gas combusted in the gas turbine, NG C onv , (or equivalently on the gas power production, P GT ). Either P C T or P GT can be selected as the second de-160 cision variable and the other variable (as well as P NGCC ) is calculated from solving Eqs. (2) and (4) simultaneously. Similarly, mass flow rates of combusted coal (C ) and natural gas (NG C onv ) can be selected as the second decision variable. In this investigation, flow rate of the natural gas combusted in the gas turbine is selected as the second decision variable. 
Power Generation From Natural Gas
Power generated in the gas turbine, P GT , is calculated from Eq. (3):
where g , ∆H g are the efficiency of power production in the gas turbine and enthalpy of combustion of natural gas, respectively. The values assumed for these two parameters are 0.3275 and 53.89 MJ/kg, respectively [36] . It should be noted that all 170 equations involving flow rates are presented on a mass basis with units of kg /hr .
Power production from the steam generated from the natural gas combined cycle is obtained from Eq. (4). In deriving this equation, it is assumed that the heat transfer from the flue gas to the boiler feedwater has an efficiency of 88% ( SB ). It is also assumed that the steam turbine is 41.6% efficient (η ST ). Ratio of the mass flow 175 rates of the flue gas to natural gas combusted in the gas turbine is presumed to be 42.56 kg/hr (Eq. (5)). These assumptions are based on the simulation studies for a NGCC power plant with a single reheat 16.5 MPa/566
• C/566
• C cycle and an overall combined cycle efficiency of 50.2% [36] . Thus, the overall power production in the steam turbine is the product of specific enthalpy change of the flue gas (∆H
mass flow rate of the flue gas produced from natural gas combustion (F G NG ), efficiency of the heat exchange in the boiler ( SB ), and efficiency of the steam turbine (η ST ):
As mentioned previously, solving Eqs. (2) and (4) simultaneously returns the value of P C T . An equation similar to Eq. (4) is also used to calculate the mass flow 185 rate of the flue gas from the combustion of coal (Eq. (6)):
where F G C and ∆H
C FG
are the mass flow rate of the flue gas from coal combustion and specific enthalpy change of the flue gas, respectively. It is also assumed that 10.93 kg/hr flue gas is produced from the combustion of 1 kg/hr of coal (Eq. (7)).
All these assumptions are based on the simulated results from [36] for a subcrit-
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ical pulverized coal power plant that uses a single reheat 16.5 MPa/566
• C cycle and has an overall plant efficiency of 36.8%. Table 1 summarizes most of the data used in this investigation.
Although flue gas produced in the gas turbine can be completely directed to the boiler, it is assumed that only a fraction of it (stream 18 in Figure 1 ) is used for excess be noted that the numerator of Eq. (8) is normalized with the capacity of the gas turbine to keep the units of both sides on a mass basis.
NG C onv,max represents the maximum flow rate of combusted natural gas, of which the corresponding produced flue gas ,F G NG,max , is directed to the steam boiler. The maximum permitted power production in the combined cycle and the 205 capacity of the gas turbine are represented by GP CC max , GT c ap , respectively.
Electricity and LNG Demands
Next, electricity demand of the CCC and LNG production facilities and the LNG requirement to treat the flue gas are calculated. The electricity demand for the CCC Gas turbine capacity (GT c ap ) (MW ) 1000 13 plant includes the energy requirement for compression of the separated CO 2 , com-pressors in the internal refrigeration cycle, and other auxiliary units not shown in Figure 1 . The total energy requirement for the compression of recirculating natural gas, mixed refrigerant, and exported natural gas is referred to as the LNG plant electricity demand. These streams are shown in Figure 1 as stream 12, 15, and 1, respectively.
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While the power production from natural gas in a combined cycle is limited, all the flue gas produced in the gas turbine should be treated in the CCC process. Thus, total electricity demand of the CCC process and the required LNG to treat the flue gas resulting from the combustion of natural gas are based on NG C onv and are calculated from the re-arrangement of Eq. (5). It is assumed that the treatment of hot 220 flue gas from the gas turbine and the cold flue gas from the steam boiler requires the same amount of electricity and LNG. According to [29] , 0.389 and 0.428 GJ electricity are required in the CCC plant to capture one tonne of CO 2 from the flue gases generated by combustion of coal and natural gas, respectively. Adopting the combustion reaction mechanisms used by [9] , 851.23 and 545.47 kg/hr CO 2 is produced 225 from one MW power generation from coal and natural gas, respectively. With a 90% capture rate, the electricity demands of the CCC plant for treatment of the flue gases generated from coal and natural gas combustion are 0.083 and 0.058 per MW generated power from each source, respectively. The overall electricity demand for the CCC facility is then calculated from Eq. (10):
According to [29] , required LNG to process the flue gases from coal and natural gas combustion are 856 and 685 kg per tonne CO 2 captured. Similar to the calculation of the CCC electricity demand, LNG demand for treatment of the flue gas from combustion of coal and natural gas are 656.2 and 336.4 kg/hr per one MW generated power from each source, respectively. Thus, the overall LNG demand is calculated 235 14 from Eq. (11):
The work of compression of the natural gas (D NG,C omp ) and mixed refrigerant (D M R,C omp ) compressors are 0.1656 and 0.1818 GJ e per tonne of the captured CO 2 (0.051 and 0.077 kW, respectively, based on kg/hr of the inlet streams). Work of compression of the pipeline compressor is also 0.01 kW per kg/hr of the inlet stream [29] .
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After unit conversion, these lead to the following equations:
where NG CCC , M R, NG E X P T are the mass flow rates of natural gas coming from the CCC process, mixed refrigerant, and natural gas exported to the pipeline, respectively ( Figure 1 ).
It should be emphasized that the CO 2 removal process is assumed to be a con-245 tinuous operation. Thus, the CCC plant electricity demand, D CCC , always exists.
Regardless of the energy storage, energy requirement for compression of the recirculating natural gas, D NG,C omp , also always exists. This is because of the continuous need of the capture plant for LNG which generates a continuous flow of natural gas inside the system, presented by streams 9, 10, 12, and 13 in Figure 1 . Energy stor-250 age only shifts some of the electricity demand of the mixed refrigerant compressor
Total electricity demand for capturing CO 2 , D pl ant , is then calculated by adding up the individual components (Eq. (15)): .
Total Power Generation
The overall power generation is also calculated from Eq. (17):
16 where P W represents the power generated from the wind and is considered an input to the model. A wind power profile similar to the previous work [29] is adopted in this investigation and is shown along with the results obtained from other power 265 sources in Section 4.
LNG Production and Storage Facilities
Mass balance equations for different points in the LNG production and storage facilities are presented next. According to Figure 1 , the amount of LNG that is produced in the recuperator (stream 4) is the sum of the natural gas imported from 270 the pipeline (stream 2) and natural gas that comes from the CCC plant (stream 13).
From this summation, natural gas exported from the plant (stream 1) should be deducted. Thus, total LNG production (also equals the value of NG Tot on a mass basis)
is calculated from Eq. (18):
Deriving all equations on a mass basis also results in the equality of NG T wophase ,
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NG Onephase , and LNG R (Figure 1 ). This conclusion is used in deriving a relationship between NG CCC , LNG R , and NG C onv . It is obvious from Figure 1 that natural gas from the CCC plant (stream 13), NG CCC , equals the difference between mass flow rates of the LNG requirement (stream 10), LNG R , and natural gas combusted in the gas turbine (stream 11),NG C onv :
The LNG production (stream 4) is also equal to the summation of the LNG to the tank (stream 5) and the LNG bypassing the tank (stream 6) (Eq. (20)):
LNG from the tank (stream 7) is calculated from a mass balance at the tank outlet Eq. (21):
A dynamic mass balance equation is also used for defining the inventory of the 285 tank (Eq. (22)):
Natural Gas Intake
While combustion of the natural gas in the gas turbine is approximately instantaneous, an equation similar to Eq. (1) is considered for the natural gas imported to the plant (Eq. (23)). This equation represents the dynamic response of the system to 290 changes in set point of imported natural gas.
where NG P L,SP is the set point of the natural gas imported from the pipeline and is a decision variable. Time constant and gain of the first order model used in 
LNG/Mixed Refrigerant Recuperator
An energy balance over the recuperator defines the relationship between the natural gas imported (NG P L ), exported (NG E X P T ), and recirculated in the system (NG CCC ). It also defines the trend of variation of mass flow rate for the mixed refrigerant (M R). Total energy gain from the cold streams entering the recuperator is 300 obtained from Eq. (24):
where ∆H 1 is the enthalpy difference of the two phase gas stream exiting the CCC plant and warm natural gas after the recuperator and is equal to 299 kJ/kg. ∆H 2 is 18 also the enthalpy difference of the cold mixed refrigerant entering the recuperator and is equal to 620 kJ/kg.
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Total energy loss from the hot streams entering the recuperator is also obtained from Eq. (25):
where ∆H 3 is the enthalpy difference between the warm natural gas that is liquefied and the LNG produced in the plant and is equal to -582 kJ/kg. ∆H 4 is also the enthalpy difference of the hot mixed refrigerant entering the recuperator and is 310 equal to -9 kJ/kg.
The values assumed for ∆H 1 , ∆H 2 , ∆H 3 , and ∆H 4 are based on the results obtained at [26] with the assumption that temperature and pressure of the entering and exiting streams to and from the recuperator are constant. Results presented in [38, 39] propose a design for a plate heat exchanger that the temperature and pres- (26)).
Economical Evaluation
Finally, the objective function is defined as follows:
where P E , P N , and P C represent energy price ($/MWh), natural gas price ($/kg), energy price is also assumed in this work with a trend shown in Figure 2 . The credit given to export of the natural gas is considered to be the same as the purchasing price of the imported natural gas and is equal to $5.19/1000 ft 3 [29] . A price of $12.65/ton is presumed for the coal.
It should be noted that the energy storage capability of the CCC process is ex-
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pected to benefit the wholesale electricity prices in a power grid. However, no impact on the energy price is assumed. The impact of the energy storage on the wholesale electricity prices is outside the scope of this study.
Controlled variable
The overall power generation from the coal, gas, and wind should always match 340 the sum of the electricity demands for the residential users and the CCC and LNG production facilities, as shown with Eq. (28)
To achieve this goal, excess energy production is defined as shown in Eq. (29) and it is considered as a controlled variable with high and low set point values of zero. This also permits to dedicate a higher penalty for underproduction of power.
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Selection of a value of zero for the high and low set points of excess energy production highlights that neither overproduction nor underproduction of power is an optimal solution in practice. tinuous demand of LNG to the CCC plant for the treatment of CO 2 produced from the power plant. It is also unlikely that import and export of natural gas occur simultaneously in practice. Thus, a similar relationship is assumed between them:
Additionally, a capacity of 8 million kg is assumed for the LNG tank in this investigation. At the tank temperature and pressure of -94
• C and 37 bar, respectively, 360 a standard capacity of 28000 m 3 can hold 8 million kg of LNG. This capacity is selected based on the performance of the integrated system. However, the overall performance of the hybrid system remains the same with different tank capacities [29] .
Thus:
Power produced in the gas turbine should always be less than its capacity. The gle generation unit, it is assumed that a large capacity for the gas turbine is a valid assumption.
From [29] , it is also presumed that the combined electricity consumption in the CCC and LNG production facilities is less than 15% of the upper bound for the steam boiler power output (1800 MW ).
As stated before, it is presumed that the set point of power production in the steam turbine (P SP ) can vary from 800 to 1800 MW . While no economic calculation is considered to size the steam turbine, these values are selected based on the maximum residential demand assumed in this investigation. However, an estimate of the required nominal power output for the steam turbine is obtained from the results. 
Optimization Framework
After formulating the system, it is necessary to set up an optimization framework to increase the effectiveness of the hybrid system. The optimization framework used 
where the nomenclature for Eq. (35) is found in Table 2 . [43] or an active set solver (APOPT) [44, 45, 46, 47, 48] . More information about how to implement an optimization in the APMonitor Modeling Language can be found in [40] .
This optimization problem is solved for eight days of simulation time with hourly 420 time increments. Trends of the variables during the three or four middle days are considered that of an infinite time horizon. This ensures that the performance of the system is not affected by the boundary conditions. More details about this approach are available in [29] .
As mentioned before, the purpose of this investigation is to integrate the CCC tor, c ∆u , is dedicated to the variation of set point of the steam turbine power output, 
Results and Discussion
The results for the integration of cryogenic carbon capture with a baseline coal- From Figure 4 , it is also observed that the overall electricity demand is met through 470 a combination of power sources. Whenever wind power is available, it is utilized first to meet the electricity demand while power output in the steam turbine is mostly at a value close to the minimum residential electricity demand. Gas power is mostly produced during peak hours to meet the increasing electricity demand. This is because more LNG is required in the CCC process to treat the higher amounts of flue 475 gas produced during these hours. As LNG from the tank produces excess natural gas inside the plant (after treating the flue gas), this natural gas could be used for power generation in the gas turbine. This is more economical than combusting coal to meet the peak demand. This finding is also compatible with the baseline nature of the steam turbine and permits the optimization problem to avoid the cycling cost 480 of the steam turbine (introduced in Section 6). Production of gas power is a direct impact of using energy storage; i.e. it permits the system to overproduce LNG refrigerant during low power demand or when wind is readily available and to drive the CCC process from the stored refrigerant. The excess warm refrigerant produced during energy recovery is either sent back into the pipeline or used as a fuel source 485 in a gas turbine.
Power Production
From Figure 3 , it seems that a value of 1020 MW , the maximum output from the steam turbine, is reasonable to meet the combined electricity demand of the residential users and CCC plant. However, economical calculations are needed with consideration of the life time of the steam turbine and the growing need in electricity 490 demand to accurately size it.
Net Import of Natural Gas vs. Tank Inventory
Trends of variables for the natural gas imported and exported to the plant are shown in Figure 5a . Import of natural gas to the plant is mainly observed when electricity is cheap. Export of natural gas from the plant, on the other hand, occurs 495 when electricity is relatively expensive. This permits the system to avoid liquefying the circulating natural gas (NG CCC ) when demand in electricity is high. Trends of LNG inventory in the tank (Figure 5b ) reflect an excellent transient response of this optimization problem to fluctuations in residential demand, energy price, and wind power availability. LNG inventory in the tank is dependent on the energy price, cur-500 rent inventory in the tank, wind power availability, and the penalization factors used for the natural gas imported to and exported from the plant. Thus, LNG inventory is a cumulative effect of these factors and is less intuitive to accurately attribute its trend to each of these factors. However, it is expected to store LNG when higher electricity price or lower wind availability are anticipated. For instance, when two 505 peaks in the electricity price are anticipated between hours 86 and 92, LNG storage starts before actually reaching the peak at hour 86. In this case, LNG storage starts at hour 71 and ends at hour 79 when it reaches the maximum storage capacity of the tank. Stored LNG is then recovered from the tank until the tank is emptied at hour 124. This period includes the hours for which the peak of electricity price actually 510 occur. LNG storage is started again after hour 125; however, more wind power is available from hour 123 to 144 and the tank is not filled completely. This is because the more availability of wind power is utilized to meet the power demand and less power is produced from the fossil fuels (consequently less CO 2 is produced). After hour 152, on the other hand, wind power is less available and it is seen that the LNG 515 tank is fully filled before reaching hour 152. A reasonable cycling in the trend of LNG inventory is also observed after hour 152 and in the first 72 hours.
While the penalization factors are used to smooth the trends of variations in nat- ural gas to and from the plant, the overall trends for these variables and LNG inventory remain the same; i.e. a cyclical trend for the LNG inventory is observed and 520 import and export of natural gas occur during off and on peak hours, respectively.
Electricity Demands of the CCC and LNG Plants
Trends of electricity demand for the mixed refrigerant (M R) and natural gas (NG) compressors are presented in Figure 6 . A peak in the electricity demand of the mixed refrigerant is observed during off-peak hours that is associated with the storage case 525 when the LNG tank is filled. The CCC process is then operated with the LNG recovered from the tank and permits the mixed refrigerant compressor to work at a minimum load when electricity is in high demand. Reduction in the electricity demand of the mixed refrigerant compressor can continue for as long as there is LNG inventory in the tank. Decisions on how long either energy storage or recovery should 530 continue are economically-driven. In this investigation, inefficiency associated with working at non-optimal operating points for the compressor is not considered and the compressor is also permitted to turn on and off without any efficiency penalty.
While these assumptions are acceptable to convey the energy storage concept, they should be modified when financial decisions are made. This is the focus of future 
Economic Evaluation
The average profit obtained for a baseline steam turbine over the selected days is $ 6.5k/hr. This is compared to $13.6k/hr obtained when the power output from the steam turbine is allowed to vary without penalization. When the steam turbine 540 is allowed to vary, penalization factor for the variation of power output, c ∆u in Eq. 
Comparison between combined and simple cycles
To emphasize on the significance of energy storage, the results obtained in Section 4 (scenario 1) are compared with a case study for which a baseline steam turbine is integrated with a simple cycle gas turbine (scenario 2); i.e. gas turbine exhaust does not generate power in scenario 2. In addition, natural gas supply for 560 the gas turbine in scenario 2 is not the vaporized LNG exiting from the CCC process. In this case, the gas turbine serves as an independent peaking unit. However, it is still assumed that the CCC process treats the flue gas generated from the natural gas turbine. Because a simple cycle is assumed, treatment of the gas turbine exhaust is achieved by adding it to the coal exhaust after the coal superheaters and 565 reheaters. The capacity of the gas turbine in scenario 2 is assumed the same as the analysis discussed in scenario 1 (1000 MW ). In scenario 1, the baseline performance is achieved through a combination of the steam generated from the coal and natural gas flue gas; i.e. when coal power in Figure 4 is at a maximum, power from the combined cycle is at a minimum and the reverse trend is also observed. In scenario 570 2, however, the baseline performance is achieved merely from the steam generated from coal combustion (coal power). Thus, more coal is combusted in the steam boiler in a simple cycle to achieve the same steam flow rate and power output as a combined cycle. To make a fair comparison, it is assumed that the power output obtained in scenario 1 for the steam turbine, P ST , is an input to scenario 2 and it is 575 not varied; i.e. rate of steam production is the same for both scenarios. In addition, it is assumed in scenario 2 that energy storage is not available. This case represents a typical power generation unit that is equipped with a carbon capture technology (without storage capability) and a peaking unit to capture the CO 2 emissions while meeting the electricity demand.
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With these assumptions, optimization of the system presented in scenario 2 is implemented and the results are compared with scenario 1. In both scenarios, power production from coal and gas is considered a single generation unit and the power supply is used to meet the electricity demand of residential users and the CCC plant. Figure 7 shows the trend of power production from each source for scenario 1. Fig-585 ures 8a and 8b also represent the trends of excess power production in each scenario.
It is seen in scenario 2 that for most of the simulation time, power supply equals the electricity demand. However, both over production and under production of power occur ( Figure 8b ) despite the penalization factors applied to balance the demand and supply of electricity. For scenario 1, it is observed that there is no mismatch be-590 tween electricity demand and power supply over the horizon (Figure 8a ). While the observations seen in scenario 2 are rare when a grid analysis is implemented (due to the presence of peaking units), this comparison highlights the importance of energy storage of the CCC process. Energy storage adds flexibility to a single coal-fired generation system to operate as a baseline unit and still be able to meet the peak 595 electricity demand without relying on other generation units in the grid.
The overall mass flow rate of the coal combusted for steam production in a simple cycle is 8% more than a combined cycle, as was expected. Total electricity consumption of the plant is also 8% more in scenario 2. This is because scenario 2 produces more flue gas from coal consumption to achieve the same steam flow rate 600 as in scenario 1. Unlike scenario 1, the total flow rate of natural gas imported and exported to the pipeline in scenario 2 is zero because there is no opportunity for arbitrage of electricity without energy storage (see Figure 9 ) and time-shifting of the electricity demand of mixed refrigerant compressor is not achievable. Thus, natural gas consumption in the simple cycle power generation unit is merely for the purpose 605 of meeting the peak total electricity demand. In contrast, in the case of a combined cycle with energy storage, natural gas has the dual purposes of serving as the refrigerant and a fuel. Thus, natural gas is imported and exported from the plant to take advantage of the arbitrage of electricity (Figure 6 ). A comparison between the profitability of these two scenarios is meaningless because the primary goal of meeting the electricity demand at all time steps over the horizon is not achieved in scenario 2. Table 3 summarizes the main results obtained from both scenarios.
Comparison of cycling costs
An important aspect of power plant operation is the cost associated with ramping, also known as load following or cycling. The changes in operational levels of 615 the plant result in increased thermal, pressure, and mechanical related stress and fatigue [49, 50] . This leads to increased equipment degradation and associated operation and maintenance costs, as well as decreased thermal efficiency.
In general, research done on ramping in power plants has looked at the most fragile part of the plant, the turbine rotor. Historically unit commitment models with 620 economic dispatch have incorporated fixed ramp-rate constraints with the assumption that ramping between the constraints will not cause damage to the turbine rotor [51, 52] . In 2012, a report published by National Renewable Energy Laboratory of cryogenic carbon capture on the cycling costs due to load-following of the coaland gas-fired power generation units is considered. According to [54] , the cycling cost of a generation unit varies between individual plants and the numbers provided in this report are generic lower bounds. In this study, estimated multiplicative factors are also provided for faster ramp rate. These multiplicative factors, however, are not considered in this study and the cycling costs are the median capital and maintenance costs of typical ramping rates. This investigation considers the loadfollowing cycling costs of large scale subcritical coal-fired and natural gas combined cycle (NGCC) power generation units. Accordingly, the cycling cost associated with load-following of a coal-fired generation unit is $ 2.45/MW capacity per load follow while it is $ 0.64/MW capacity for a NGCC power plant. To calculate the number of cycles for power generation from both coal and gas, a post-processing approach is considered; i.e. power outputs from solving the optimization problem are used as input to the rainflow cycle counting algorithm [55] where the output from the algorithm is the number of cycles. This calculation assumes that power output from 650 the optimization results has a similar trend to overall stresses in the boiler. The rainflow algorithm allows the application of Miner's rule to assess the fatigue life of a structure subject to complex loading. More details about the rainflow algorithm are available in [56] .
With the abovementioned assumptions, the cycling costs of the baseline and MW and 1210 MW , respectively. As mentioned previously, sizing of the generation units is beyond the scope of this study and requires extensive study. How-665 ever, it is assumed that a capacity of 1800 MW is a good estimate for both loadfollowing and baseline coal-fired generation unit for the purpose of cycling costs comparison. With this capacity, the cycling costs of the coal-fired unit for the loadfollowing scenario is 1800 × 2.45 × 20 = $88200 for 8 days of simulation time while it is 1800×2.45×1 = $4410 for a baseline case study. In addition, the cycling cost of the 670 load-following scenario for the gas-fired unit is 1000×0.64×17 = $10880 comparing 36 These costs are based on 1 and 15 cycles for the coal-and gas-fired generation units, respectively, in a baseline case while 18 and 23 cycles are observed for the the same units, respectively, in a load-following case. Table 4 summarizes these results.
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The saving in the cycling costs of the baseline generation units, in the presence and absence of wind power, is also a direct result of the energy storage of cryogenic carbon capture. It is well known that coal-fired generation units are mainly designed for baseline operation. Equipping the coal-fired power plant with cryogenic carbon capture enables the power generation unit, as a whole, to follow the load without 685 necessarily varying the steam turbine output. This is achieved by supplying the natural gas required for the peaking unit from the storage system while the carbon dioxide separation from both generation units remains in operation.
It should be emphasized that these costs are the generic lower bounds for cycling of the power generation units, and it does not consider the more expensive practices 690 of cold, warm, and hot starts. In addition, it is unlikely to have this many cycles in the boiler in 8 days to follow the load in practice (for both baseline and load-following power generation units). This is because supplemental peaking units are used to avoid the variations in power output from the coal-fired generation units. While more accurate analysis of the number of cycles requires longer simulation horizon,
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this study demonstrates the potential reduction in cycling costs of a coal-fired power generation unit by utilizing the energy storage of the CCC process.
Conclusion
This investigation considers dynamic integration of a baseline fossil-fueled power generation unit with cryogenic carbon capture. Flue gas cools to the point of CO 2 700 desublimation to separate CO 2 from the remaining gases. The refrigeration cycles are energy intensive. However, with the energy storage of the CCC process, the electricity demand of the refrigeration cycle is shifted to off-peak hours; i.e. refrigerant required to drive the CCC process, LNG in this investigation, is produced in excess when electricity demand is low or wind power is available. Stored LNG is then used 705 during peak hours to drive the CCC process. Thus, the compressors of the refrigeration cycles are operating at reduced loads during peak hours. Effective time-shifting of the electricity demand of the refrigeration compressors is observed from solving this optimization problem. The total electricity demand of the residential users and the CCC plant is met through a combination of power sources. Wind power, when-710 ever available, is first used in meeting the demand. This leads to 100% utilization of the wind power. With the energy storage of cryogenic carbon capture, a single coalfired generation system is able to operate as a baseline unit and still be able to meet the peak electricity demand. Energy storage also enables a potential 82% and 85% decrease in the costs associated with load-following of power generation units in 715 presence and absence of wind power, respectively. Consideration of a power grid in which the fossil-fueled power generation units are equipped with the CCC process 38 is the focus of future work.
